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SUMMARY

Magnetite (Fe 3 0 4 ) crystals produced by two strains of cultured vibrioid magnetotactic bacteria were
studied by high-resolution transmission electron microscopy (HRTEM). Both magnetotactic strains were
characterized by single chains of magnetite crystals aligned along the long axes of the cells. The strains,
designated as MV-2 and MV-4, produced crystals that differed markedly in size and morphology.
Crystals present in MV-4 cells were generally larger than those in MV-2 cells and displayed significantly
smaller aspect ratios. Crystallographic analysis of the magnetosomes of MV-2 revealed an elongated
hexagonal habit based on a prism of {II O} faces capped by {Ill} faces. The axis of elongation was parallel
to the III > direction. This morphology closely resembles the crystal shape of magnetosomes in a
previously described vibrioid species MV-I. In contrast, magnetosomes of MV-4 possessed a cubooctahedral morphology which was modified by a small elongation along the 211> direction. Although
this morphology has not previously been observed in magnetotactic bacteria, it appears to be intermediate
between the regular cubo-octahedral shape of magnetosomes in the cultured species Aquaspirillum
magnetotacticum and the extensively elongated cubo-octahedral crystals of a previously studied uncultured
ovoid-shaped magnetotactic bacterium. The results support the proposal that the crystal morphologies of
bacterial magnetite are strain specific.
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l. INTRODUCTION

Although the existence of magnetotactic bacteria has
been recognized for over 15 years (Blakemore 1975;
Blakemore et al. 1980), it is only recently that several
new species and strains have been isolated in pure
culture (Bazylinski et al. 1988; Matsunaga et al. 1991;
Schleifer et al. 1991): these include bacteria with
spirilloid and vibrioid morphologies. A coccoid-shaped
bacterium has also been successfully maintained in
enrichment (Moench 1988) and pure (Meldrum et al.
1993) cultures. The isolation of new magnetotactic
bacterial strains is essential for the investigation of the
cellular properties of these unusual organisms as well as
the elucidation of the magnetic and structural aspects
of iron biomineralization processes in bacteria. In this
regard, at least three distinct types of crystal morphology have been observed in magnetotactic bacteria
containing magnetite (Fe 3 0 4 ) particles (Mann &
Frankel 1989). These include isotropic cubo-octahedral particles (Mann et al. 1984a), elongated cubooctahedral crystals (Mann et al. 1987 a b), and elongated hexagonal prisms (Matsuda et al. 1983; Mann
et al. 1984 b; Sparks et al. 1990). The latter have
variations in the number and type of truncated faces
but appear to be bacterial strain specific. Recently, we

have shown that changes in the chemical conditions of
the culture medium can result in minor modifications
in the crystal morphology of magnetosomes in the
cultured coccus, strain MC-l (Meldrum et al. 1993).
In this paper, we use high-resolution transmission
electron microscopy (HRTEM) to characterize the
morphological and structural features of magnetite
crystals produced by two newly cultured, previously
undescribed, vibrioid magnetotactic bacterial strains.
Our results show that although both strains are vibrioid
in cellular morphology, the associated magnetosomes
are different in shape and size, suggesting that the
biomineralization of intracellular magnetite in these
two organisms involves biochemical processes that are
strain- and possibly species specific.
2. MATERIALS AND METHODS
Two magneto tactic bacterial strains were studied. The
first, designated strain MV-2, is vibrioid-to-helicoid in
morphology, and was isolated from water collected from the
Pettaquamscutt Estuary, Rhode Island, U.S.A. Cells of this
strain are Gram-negative and motile by means of a single
polar flagellum. It appears identical to strain MV-l
(Bazylinski et at. 1988) based on phylogenetic analysis of their

Figure 1. Transmission electron micrographs of (a) unstained cell of magnetotactic strain MV-2 (scale bar=
200 nm), and (b) negatively stained MV-2 bacterium (scale bar = 200 nm). (c) Higher magnification of the

magnetosome chain in a MV-2 cell showing twinned crystal (arrow). Scale bar = 50 nm.
Table 1. Statistical data for magnetosomesproduced by
MV-2 cells

number of crystals per
bacterium
length/nm
width/nm
aspect ratio

mean

standard
deviation range

17

4

48
26
1.8

5
7
0.3

7-23
30-59
28-40

small subunit ribosomal RNA sequences (DeLong et al.
1993). It is probable, therefore, that strains MV-1 and MV2 are the same species. The second, designated strain MV-4,
is also vibrioid-to-helicoid in morphology and was isolated
from mud and water from School Street Marsh, Woods Hole,
Massachusetts, U.S.A. Cells of strain MV-4 are Gramnegative and bipolarly flagellated.
Both strains were grown in semi-solid oxygen gradient
media (D. A. Bazylinski, unpublished data) under different
physiological conditions. Strain MV-2 was grown under
chemoautolithotrophic conditions in an inorganic oxygensulphide double gradient medium. Cells of strain MV-4,
which did not grow in the presence of sulphide, were also
grown under these conditions in an inorganic medium with
thiosulphate as the energy source and under chemoheterotrophic conditions with succinate as the carbon and
presumed energy source. Both strains were grown until
microaerophilic bands of cells formed in the culture tubes.
Cells were removed from the cultures with sterile syringes.
Electron microscopic (EM)studies of intact cells were done
using a JEOL 2000FX transmission electron microscope
(TEM), fitted with a Link windowless elemental dispersive Xray (EDX) detector and operating at 200 kV. Statistical data

on crystal sizes and frequency were obtained from a
population of 100 cells of strain MV-2 and 85 cells of strain
MV-4. Over 200 crystals were measured for each strain.
Sample grids containing air-dried MV-4 cells were treated
with 1% (by volume) sodium hypochlorite solution before
recording high-resolution lattice images to remove extraneous Agar from the culture medium, the presence of which
greatly reduced image resolution. On completion of the
microscopic studies of strain MV-2, the sample grid was
negatively stained with 4 0 methylamine tungstate solution.
High-resolution

TEM (HRTEM) images were recorded at a

magnification of x 500000 by using an objective aperture of
80 ltm. The lattice fringe spacings measured from micrographs were corrected according to a calibration done on the
microscope by using a gold foil at a magnification of
x 500000 and a voltage of 200 kV. The fringe spacings were
indexed by comparison with published data for magnetite:
space group Fd3m, with lattice parameter a = 0.8394 nm.
3. RESULTS
(a) Strain MV-2
Individual bacteria were elongated in morphology
and contained a single chain of intracellular anisometric magnetosomes which were aligned along the
long axis of the cell (figure 1). The chains comprised
rectangular magnetite crystals oriented with their
principal axes parallel to the chain direction. Many
cells consisted of incomplete chains in which there were
regions devoid of crystals, resulting in gaps within the
magnetosome chain. However, the structural alignment of crystals separated by these discontinuities
remained consistent, suggesting that all the crystals
were spatially constrained within a contiguous cellular

Table 2. Statistical data for magnetosomesproduced by
MV-4 cells
standard
deviation range

mean
number of crystals per
bacterium
length/nm
width/nm
aspect ratio

17
61
52
1.2

5

8-31

12
11
0.1

22-85
18-80

matrix. Immature crystals were observed at different
positions along the chain and not specifically at the
ends of the assembly, as has been commonly observed
in the cells of the coccoid bacterium strain MC-1
(Meldrum et al. 1993). Twinned crystals, in which the
twin boundary comprised a central plane running

perpendicular to the crystal long axis, were occasionally observed (figure 1 c).
There was a marked variation in crystal size between
different bacteria and along individual chains (tables 1
and 2, figure 2). The graph of length against width
(figure 2c) demonstrates that there is considerable
variation in aspect ratio for crystals of given length,
suggesting that the rates of crystallization of individual
particles in sulphide-grown MV-2 cells may fluctuate
significantly.
Lattice images of individual crystals showed combinations of {111}, {220}, {200} and {311} magnetite
fringes. A high-resolution image of a typical magnetosome produced by MV-2 cells is shown in figure 3. The
lattice fringes are continuous throughout the particle
suggesting that the magnetosome is a well-defined
110>
single crystal. Crystals imaged along the
direction showed two sets of {111} fringes and a set of
{200} fringes (figure 3b). The orientation of these
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Figure 3. (a) Representative high-resolution lattice image of
a magnetosome produced by strain MV-2. The crystal is
viewed along the <110 direction and crystal faces are
identified. Scale bar = 10 nm. (b) Enlargement of an area on
(a) showing two sets of {111} fringes and one set of {200}
fringes. Scale bar = 5 nm.
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fringes in combination with others viewed in the
<211 > orientation suggested that the crystal morphology was based on a hexagonal prism of{l 10} faces,
elongated along a < 111 > axis and capped by {111}
faces (figure 4a). This morphology is similar to that
determined for magnetosomes produced by the vibrioid
bacterium MV- 1 (Sparks et al. 1990) with the exception
that the crystals from MV-2 cells show a variable
combination of {111}, {110} and {100} minor truncations in place of the well-defined {1 1 1} faces of MV1 magnetosomes. This may result from differences in
the growth conditions of strains MV-I and MV-2.
High-resolution images of immature crystals showed
rounded particles with aspect ratios similar to the
mean value (1.84) determined for mature crystals.
Whereas the side faces lying parallel to the morphological long axis were well defined, the end and

(c)

magnetotacticum,
Figure 4. Idealized morphologies of magnetite crystalsproduced by (a) vibrioid cells, (b) Aquaspirillum
and (c) an uncultured ovoid-shaped bacterium. (Adapted from Mann & Frankel (1989)).
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Figure 5. (a) Unstained cells of strain MV-4. Scale bar = 200 nm. (b) Higher-magnification image of an individual
chain of magnetosomes produced by strain MV-4. An electron-dense organic material is associated with the crystals
(arrow 1). A twinned crystal is shown (arrow 2). Scale bar = 50 nm.

(a)

Figure 6. (a) High-resolution lattice images of magnetosomes
produced by strain MV-4. The crystals are viewed in the
110) zone. (a) Cubo-octahedral crystal showing welldefined lattice fringes and crystal faces. Scale bar = 10 nm.
(b) Partly enlongated cubo-octahedral crystal with welldefined faces. Scale bar = 10 nm. (c) Enlargement of an
area on (b) showing atomic steps on a {I11} surface. Scale
bar = 5 nm.
truncated faces were not expressed, suggesting that
these faces are stabilized at relatively late stages of
crystal growth.
(b) Strain MV-4
Low-magnification images of strain MV-4 showed
curved 'butter-bean'-shaped
cells that contained a
single chain of intracellular magnetite crystals aligned
along the long axis of the bacterium (figure 5a). A
significant number of bacteria contained chains of
crystals that were disrupted from linearity, possibly
because of artefacts associated with sample preparation. However, the effect was more pronounced
than for MV-2 cells and suggests that the location of
the magnetosome chain in strain MV-4 may not be
as rigidly defined within the bacterium as in strain
MV-2.
A detailed analysis of the MV-4 magnetosomes
showed that the size and shape of the crystals were
significantly different from those produced by strain
MV-2 (tables 1 and 2, figure 2). In general, the crystals
were slightly longer and considerably wider than those
formed by MV-2 cells, with an aspect ratio (1.2)
comparable with that determined for magnetite
crystals synthesized by the coccoid bacterial strain,

MC-1 (Meldrum et al. 1993). Many crystals possessed
either a cubo-octahedral morphology (figure 4b)
characteristic
of Aquaspirillum ('Magnetospirillum'
(Schleifer et al. 1991)) magnetotacticum(Mann et al.
1984a), or a partly elongated cubo-octahedral form,
similar to the highly elongated 'bullet-shaped' crystals
of an uncultured ovoid-shaped magnetotactic bacterium (figure 4c) (Mann et al. 1987a, b). A significant
number of MV-4 magnetosomes exhibited irregular
morphologies, and were frequently twinned. Twin
planes were usually perpendicular to the axis of
elongation of the crystals, although a few crystals with
a twin plane parallel to the long axis were also
observed.
High-resolution electron micrographs confirmed the
well-defined single crystal nature of the magnetosomes
produced by strain MV-4 (figure 6). Crystals were
principally imaged lying in the <(110 zone, although
a small number were also observed along the 211)
and < 111 > directions. Those viewed along the < 110 >
axis showed mutiple sets of lattice fringes (figure 6)
which confirmed a cubo-octahedral morphology consisting of{111} and {100} faces. The {111} faces were
particularly well defined, and one set of these faces was
often aligned perpendicular to the direction of the
magnetosome chain. Although most crystals were
partly elongated along the <211> direction, several
also showed an isotropic cubo-octahedral projection
(figure 6).
4. DISCUSSION
The distinct contrast in crystal size and morphology
exhibited by magnetosomes formed within the vibrioid
bacterial strains MV-2 and MV-4 suggests that there
may be different processes of magnetite biomineralization in these organisms. The magnetite crystals of
strain MV-2 are virtually identical in morphology to
those produced by a previously studied strain, MV-1
(Sparks et al. 1990). The mean crystal dimensions are
very similar for both bacteria, although the dimensional range is considerably greater for MV-1. The
number of crystals is greater and the crystal anisotropy
more evident in the MV-2 strain, although both
bacterial strains display aspect ratios which are greater
than those reported for coccoid bacteria (Mann et al.
1984b; Meldrum et al. 1993). The differences between
strains MV-1 and MV-2 may result from differences in
the developmental status of the two cultures. Alternatively, the use of a sulphide-oxygen gradient medium
for MV-2 cells, rather than the anaerobic heterotrophic
growth medium used in previous studies of strain MV1 (Sparks et al. 1990), may be responsible for the
increased number of magnetosomes observed in MV-2
cultures.
In contrast, the magnetosomes produced by strain
MV-4 possess a cubo-octahedral morphology which, in
its undistorted form, is similar to the crystal morphology produced by A. magnetotacticumcells (Mann
et al. 1984a). The elongated variant of this basic form
is similar to the bullet-shaped crystals produced by an
uncultured
bacterium
unidentified,
ovoid-shaped
(Mann et al. 1987a, b). In both cases, the crystals are

elongated along a <211) axis but the MV-4 crystals
are considerably less extended and maintain their
centre of symmetry. The bullet-shaped crystals, by
comparison, deviate considerably from their idealized
morphology and frequently display a kink or curvature
in their growth morphology. They also exhibit very
different dimensions to the crystals of strain MV-4,
having mean lengths and widths of 97.8 nm and
36.9 nm, respectively, and aspect ratios in the range
3.33-4.0 (Mann et al. 1987a). Thus, although the
pattern of truncations present on the magnetosomes in
strain MV-4 is very similar to that of the crystals in the
uncultured ovoid-shaped cells, the bulk morphology of
the crystals produced by the former is significantly
different.
In summary, it has been demonstrated that the size
and morphology of magnetite crystals produced by two
cultured strains of vibrioid magnetotactic bacteria are
significantly different. Although the biomineralization
of magnetite is highly controlled in both strains, the
distinct differences in crystal chemistry suggest that
there may be a variety of mechanisms involved in the
regulation of these functionally important bioinorganic
products. It is noteworthy that cells of the vibrioid
strain, MV-2, and those of the coccoid strain, MC-1
(Meldrum et al. 1993) produce magnetosome particles
of magnetite, rather than an iron sulphide such as
greigite (Fe3S4), in the presence of hydrogen sulphide.
Iron sulphides including greigite (Heywood et al. 1990)
and pyrite (FeS2) (Mann et al. 1990) are found in the
magnetosomes of some other magnetotactic bacteria
which grow in the presence of hydrogen sulphide.
Thus, the composition of the mineral phase of the
magnetosomes appears to be controlled by the organism. The factors involved in the species- or strainspecific control of the composition, morphology and
particle size of the mineral phase of the bacterial
magnetosomes remain to be elucidated, and will be
addressed in future work.
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